Abstract p This paper investigates the minimum number of sensors required to adequately control a forebody vortex flow control system psf for the X-29A aircraft using fuzzy logic p control. A previously designed fuzzy logic r controller which used full state feedback consisting of side-slip angle, yaw rate, roll V rate and bank angle sensors is modified to use VFC only yaw rate and roll rate sensors. Results a show that the fuzzy logic controller p successfully controls the vortex flow control 5 system with only two sensors while satisfying t he design specifications. The performance is A improved 12 % based on the cost function compared to the full state fuzzy logic controller for the particular condition investigated 1 showed that the performance of a forebody VFC equipped X-29A aircraft can be improved by applying Fuzzy Logic Control.
During that investigation, it was assumed that all the states are available to be fed back to the controller and they were perfectly measurable.
In reality, it is not always possible to satisfy these assumptions due to the following reasons. First, sensors can be expensive to purchase and maintain. In fact, reducing the maintenance costs is one of the highest priorities in the requirements for the Navy Joint Strike Fighter program. Second, the particular feedback state(s) which the control designer needs may not be measurable. The objective of this investigation is to design and demonstrate FLC that uses a limited number of sensors but still satisfies the design specifications applied for the full-state feedback controller. Svstem Structure Figure 1 shows a diagram of the overall system used for the simulation. The control system is of the hybrid type, and consists of two distinct controllers. One is used for aerodynamic effectors, such as flaps, rudder and leading edge flap, while other one controls the forebody VFC system. VFC nozzles are a bang-bang type control effector fitted on the forebody section of X-29A aircraft. The physical characteristics of the X-29 A with forebody VFC is shown in Figure 2 . A FLC was subsequently implemented by Suzuki and Valasek 1 to control the forebody VFC instead of MPVSC. As a result, excessive VFC activity was essentially eliminated, and in addition, overall performance was improved. To investigate the effect of sensor and feedback reduction on these controllers, the sideslip angle sensor and bank angle measurement is eliminated. Sideslip angle is selected for elimination because accurate measurement requires an externally mounted boom or vane which degrades low obervability characteristics. Of the remaining measurements, bank angle is eliminated simply because doing so leaves two measurements which are obtained directly from rate gyros.
Simulation Model and Assumptions
To permit direct comparison, all the assumptions and simulations conditions applied for our previous paper 1 . The same linear model described above was used to synthesize the controller, and to simulate the closed-loop system. Constant feedback gains for §# and 6 r were designed using the optimal sampled-data regulator: The design objective is to synthesize a closed-loop lateral/directional controls system that will use both forebody VFC nozzles and conventional controls to drive a specified initial condition sideslip angle to zero with a limited number of sensors. The design specifications are:
initial sideslip angle 5 degrees 5% settling time in sideslip angle 5 seconds maximum body axis yaw rate 20 deg/sec maximum bank angle 10 degrees
A sideslip angle initial condition of five degrees is sufficiently large enough at this flight condition to excite the Dutch roll and saturate the differential flaps and rudder, but prevent the aircraft from departing controlled flight 1 . The fuel supply of the VFC nozzles is considered to be finite, so a controller which satisfies the specifications with the least amount of bang-bang activity is desired. Initial elements of the state and control weighting matrices are selected using the relations in Reference 14.
Fuzzy Logic Controller -Design Design of a fuzzy logic controller, which consists of fuzzification and defuzzification MF and fuzzy rules, is based on our previously designed fuzzy logic based VFC controller 1 . MATLAB/SIMULINK and the Fuzzy Logic Toolbox are used for simulation and development of the controller. These software tools are used both for simulation to observe system or model behavior with and without several feedback signals. Based on the knowledge gained from the observation, the fuzzy logic controller is tuned for control of the forebody VFC system. As shown in the control system diagram (Figure 1) , it is important to note that the fuzzy logic controller is used only for forebody VFC control (the bang-bang system). As in the previous two studies, a conventional linear feedback constant gain controller is used to control the continuous system (rudder and differential flaps).
Functioning of the forebody VFC nozzles (the bang-bang system), limits selection of the defuzzification to Mean of Maxima method which is:
MOM:
n Results Design 1 is the nominal controller. It consists of constant feedback gains designed with the SDR. The forebody VFC nozzles are not utilized by this controller, and therefore remain off. In Figure 3 , the thin line is Design 1 utilizing full-state feedback. The rudder and differential flaps are saturated for the first two cycles, and the design requirements are not met. The total cost (obtained with a quadratic cost function) of Design 1 with full-state feedback after 10 seconds of simulation is 29.69. The thick line is the sub-optimal response of Design 1. In this case, the sideslip angle sensor and bank angle measurement are eliminated. The performance is degraded, and the total cost is 35.63. Figure 4 shows the full-state feedback performance of both Design 2, the MPVSC controller of Reference 2, and FLC Design 1, the FLC controller of Reference 1. Fuzzy logic is only used to decide when to switch the VFC nozzles; it does not control the continuous effectors. Those effectors are controlled using the same SDR gains as Design 1. The Design 2 controller also uses the same SDR gains as Design 1, but combines them with a model predictive technique to control the forebody VFC nozzles. The effectiveness of this controller in utilizing the VFC nozzles to damp out the sideslip angle perturbation is clearly demonstrated (thick line). Control surface saturation occurs only during the initial cycle, and the settling time requirement is satisfied. The total cost of MPVSC is 13.15, which is a reduction of 63%. However, the small intervals and number of VFC switchings is greater than desired, with a resultant increase of the duty cycle of the VFC nozzle valve. The thick line is the performance of FLC Design 1. With a cost of 12.86, this controller provides essentially the same performance but with much less use of the VFC nozzles. For this reason it is judged to be superior.
The thin line in Figure 5 is the suboptimal response of Design 2. In this case, the sideslip angle sensor and bank angle measurement are eliminated for both SDR gain and MPVSC controller. Obviously, performance of the controller is degraded by losing the feedback, and the total costs for sub-optimal MPVSC controller is 16.643 which is 26.5% increase.
FLC Design 1 is redesigned in order to use only p and r feedback states. Two input MFs are created based on the VFC activity observed in FLS Design 1. The new FLC controller is named as FLC Design 2.
Sub-optimal response for FLC Design 2 is shown by thick line in Figure 5 . Design requirement is satisfied and damping responses improved. Despite of the difficult situation, total cost for FLC Design 2 in this case is 12.57 which is still better than the ones of other previously designed controllers with full state feed-backs. There are two undesired point in the result. One is short activation of the VFC nozzle that observed when t is around 1.5 seconds. The other is bank angle off-set.
Summery and Future Study A controller using a minimum number of sensors possesses the advantages of reduced total cost of the sensor suite, improved system reliability and maintainability, and reduced computational effort.
This paper developed a reduced feedback fuzzy logic controller for closedloop control of forebody vortex flow control nozzles.
The controller uses only two measurements, yaw rate and roll rate, compared to previous fuzzy logic controllers for this system which used four measurements (sideslip angle, bank angle, roll rate and yaw rate). Besides the obvious advantage of eliminating sideslip angle and bank angle measurements, compared to the previous fuzzy controllers the reduced feedback controller resulted in a lower total cost, better damping, and less VFC nozzle switching activity. Additionally, the previous controller designs investigated did not drive bank angle perturbations to zero, while the fuzzy logic controller with reduced feedbacks easily handled this condition.
Future studies will evaluate the application of the fuzzy logic controller in a more realistic aircraft environment. This will encompass robustness of the system to parameter variation and modeling errors, imperfect measurements such as noise, and system failure modes. 
